The functions of the two major constituent groups of the phytoplankton, namely, the diatoms and the bacteria, are supplementary to one another in the cycle of life in the sea: the diatoms synthesize organic matter from the simple chemical substances produced in the decomposition or mineralization of organic matter in the sea by the bacteria. Although the general aspects of the activities of these two groups of organisms are fairly well known, their mutual interrelationships still remain to be determined. The following studies were carried out in an attempt to elucidate this important problem.
The functions of the two major constituent groups of the phytoplankton, namely, the diatoms and the bacteria, are supplementary to one another in the cycle of life in the sea: the diatoms synthesize organic matter from the simple chemical substances produced in the decomposition or mineralization of organic matter in the sea by the bacteria. Although the general aspects of the activities of these two groups of organisms are fairly well known, their mutual interrelationships still remain to be determined. The following studies were carried out in an attempt to elucidate this important problem.
METHODS
Four methods were used in these investigations: (I) Oxygen consumption in sea water enriched with diatom material; the oxygen being determined by a modification of the Winkler method. (2) Nitrogen transformation in the water, as a result of bacterial activities; the nitrogen being determined either directly as ammonia or indirectly, namely by an increase in oxygen consumption as a result of addition of glucose to the water; it had been previously found (Waksman & Carey, I935) that the rate of glucose decomposition in sea water is controlled by the available nitrogen in the water. (3) Regeneration of the phosphorus, the latter being determined by the Atkins-Deniges method. (4) Increase in bacterial numbers, as measured by the plate method.
In most of the previous experiments on decomposition of organic matter in sea water (Waksman, Carey & Reuszer, I933) , excessive amounts of plankton material were added to the water. This resulted in appreciable changes in the aqueous medium, particularly the rapid consumption of the oxygen, whereby the system became changed from a purely aerobic to a distinctly anaerobic one. In the following experiments, mixed and pure plankton were added in concentrations not greatly in excess of those frequently found in natural sea water. Studies were also made of the transformation of marine plankton in the same vessel in which it had been synthesized. Two samples of diatom plankton consisting almost entirely of Rhizosolenia were collected in Vineyard Sound at Woods Hole. Analysed, on a dry basis, they gave 10'46 and 7'34 % carbon, and 1'52 and 1'05 % nitrogen, giving respective C : N ratios of 6'9 and 7'0; the phosphorus content of the mixed diatom material was 0'41 %, calculated as P04. These samples were mixed carefully and used in some of the following experiments.
Five and ten mg. portions of this plankton, in an air-dry state, were placed in standard glass-stoppered oxygen bottles of approximately 220 C.c. capacity. The bottles were filled either with fresh, filtered sea water or with the same sea water enriched with 10 mg. of glucose per litre. The bottles were then incubated in the dark under water at a temperature of 20-220 C. The process of decomposition was followed by removing some of the bottles at different time intervals and analysing them for their oxygen, phosphate and bacterial content.
The results reported in Table I are typical of those obtained in several other experiments. In the sea water alone, the familiar sequence of a rapid bacterial multiplication, which in this instance reached a peak within 2 days, followed by a sharp drop to a low and fairly constant level, occurred (Waksman & Carey, 1935; Waksman & Renn, 1936; Renn, 1937) . Oxygen consumption was parallel with the increase in bacteria. Phosphate was also consumed during the logarithmic growth phase of bacterial multiplication; the lowest phosphate values coincided with the highest bacterial counts. However, as the bacterial cells began to die off and autolyse, phosphate was rapidly regenerated in the water. The increase of 20 mg. of P04 per m.3 of sea water, at the end of 420 hr. of incubation, over the amount originally present, represents the phosphate liberated from the organic matter originally present in the sea water, either in true solution or suspension, and susceptible to bacterial attack.
In the water to which diatom material had been added, somewhat different results were obtained. Since the dead diatoms were an available food supply for the bacteria present in the water, a higher bacterial count was obtained than in the sea water alone. With 5 mg. of diatom material present, the maximum count of 1,440,000 bacteria per I c.c. was obtained in 36 hr. With 10 mg. of diatom material present, the maximum number of bacteria was 2,000,000 per I c.c. in 12 hr. This indicates that the dead diatom material was quickly attacked and decomposed by the bacteria. The phosphate content of the sea water increased continuously throughout the duration of the experiment. Although some phosphate was no doubt utilized by the bacteria in the synthesis of their cell substance, there was more phosphate liberated from the diatom material by the bacteria than they could themselves assimilate. There resulted, therefore, a gradual increase in the P04 content of the sea water. This inability of the bacteria to utilize all the phosphate that they had liber-RELATION OF BACTERIA TO DIATOMS IN SEA WATER 36r ated was due to an insufficient supply of available energy which limited bacterial multiplication, as will be shown later. At the end of 420 hr. the minimum increase in phosphate content of the sea water was 66 mg. per m.3, due to the decomposition of 5 mg. of the diatom material per bottle and to autolysis of the subsequently synthesized bacterial substance. When 10 mg. of this material was used the phosphate increase was I I I mg. per m.3 The amounts of phosphorus added in the diatom material were equivalent to 92'5 and 185 mg. P04 per m.3 respectively. It can thus be seen that approximately two-thirds of the total P04 present in the diatom material was liberated into the sea water as a result of bacterial activities, within 420 hr. and usually within 132 hr.
. It is interesting to compare these results with those obtained by Cooper (1935) , who found soluble phosphate to be liberated rapidly in the decomposition of plankton material, but less rapidly with diatom material than with animal plankton.
When an additional energy supply was added to the sea water, in the form of glucose, a marked increase in oxygen consumption, phosphate utilization and bacterial multiplication took place in sea water with and without the addition of 5 mg. of diatom material. The phosphate content of the water in both cases dropped within 12 hr. to less than 30 mg. per m.3, which is the lower limit of the analytical method. Regeneration of the phosphate did not occur until after 96 hr. of incubation when the bacterial numbers had been greatly reduced. That available nitrogen was liberated in the decomposition of the diatom material is best shown by the high bacterial count of 7,000,000 per I c.c. in the presence of glucose.
Since all or practically all of the P04 had been removed from the water in a very short time, in the presence of glucose, it was thought that it might be of interest to determine whether the lack of a sufficient supply of available P04 was a limiting factor in the decomposition of the diatom material by the bacteria. In the following experiment an excess of P04 was added to the sea water, and only 5 mg, portions of the diatom material were used. The results are reported in Table II. In the sea water alone and in the presence of diatom material, a consumption of 188 mg. P04 per m.3 occurred within 60 hr. Within the same period of time, the sea water to which 10 mg. of glucose had been added showed a loss of 348 mg. of P04 per m.3, whereas the sea water containing both diatom material and glucose showed a loss of 368 mg. P04 per m.3 After 60 hr. a gradual regeneration of the phosphate took place. The greatly increased rate of oxygen absorption and phosphate utilization seems to indicate that the diatoms decomposed more rapidly in the presence of an excess of phosphate.
The results of these two typical experiments are thus sufficient to demonstrate clearly that dead diatoms can serve as a readily available food supply for bacteria, the diatoms being rapidly decomposed and the nitrogen and phosphorus rapidly liberated in available forms. In these investigations diatom cultures containing bacteria, bacteria-free diatom cultures and freshly collected mixed diatom plankton were used.
A culture of Nitzschia closterium originally obtained from Dr E. J. Allen, of the Plymouth Laboratory, was grown on the standard nutrient Miquel-Allen medium, in 500 C.c. Erlenmeyer flasks, for a period of 20-30 days. The contents of several flasks were combined, centrifuged and washed with fresh sea water, again centrifuged and the residue suspended in sea water. Varying amounts of the diatom suspension were added to 220 c.c. oxygen bottles containing fresh sea water. The bottles were incubated in the dark, at room temperature under water, and analysed at various intervals. The bacterial content of I c.c. of the concentrated Nitzschia material was 4,800,000 and the diatom content 18,400,000; the fresh sea water contained 12,000 bacteria in I c.c. The results presented in Table III show that the Nitzschia cells added to fresh sea water underwent a certain amount of oxidation; this was accom- * The dry matter content in the Nitzschia suspension was calculated from the total nitrogen (0"14 mg. per I c.c.) to be equivalent to I mg. organic carbon in I c.c.
t Oxygen used up completely. panied by the liberation of phosphate, but not by an appreciable increase in bacterial numbers. The increased consumption of the oxygen may have been due partly to the respiration of the diatoms and partly to bacterial decomposition. Maximum bacterial multiplication and phosphate liberation were obtained after 8 days, with the highest concentration of the Nitzschia cells. At this stage, practically all the phosphate present in the Nitzschia material had been regenerated, as is easily calculated from the N/P04 ratio of7/3; this ratio was found for the mixed diatom plankton. Dr H. W. Harvey* has suggested that it is quite possible for some of the phosphate to be introduced as precipitated ferric phosphate with the Nitzschia culture, which would account in part for the high phosphate recovery.
This experiment was repeated, using younger (I2-day-old) cultures of the diatom material and concentrating it by centrifuging, to give a preparation :j: Personal communication.
which contained 9,200,000 Nitzschia and 3,100,000 bacteria per 1 C.c. The results of this experiment (Table IV) confirmed the previous observation that, in the presence of a living culture of Nitzschia, the bacterial activities were very limited. No nitrogen was liberated, as shown by the fact that the addition of glucose to the cultures brought about no increase in oxygen consumption: with 2'3 C.c. Nitzschia suspension added per litre of water, the increase in oxygen consumption was, without glucose, 0.87 C.c.and with glucose 0'72 c.c.; with 4'5 c.c. of the diatom culture, the corresponding increases were 2'10 and 1'29 c.c. respectively. The addition of nitrate to the water did not stimulate to any great extent the destruction of the diatoms.
In order to eliminate the interfering factor which might have resulted from the introduction into the fresh sea water of large numbers of bacteria, and also for the purpose of determining the consumption of oxygen as a result of diatom respiration, bacteria-free cultures of the diatom were used.
A culture of Nitzschia closterium was obtained from Dr C. B. van Niel. It was grown for 13 days in Miquel solution, centrifuged and washed with fresh sterile sea water under sterile conditions and resuspended in sterile sea water. There were 8,500,000 diatom cells in 1 c.c. of suspension. One-half and 2 c.c. portions of this suspension were placed in oxygen bottles and filled with paper filtered sea water, previously kept overnight in the laboratory. In order to determine the oxygen consumption due to the respiration of the diatoms, controls containing the same amounts of diatom suspension were placed in sterile oxygen bottles, and filled with sea water which had been previously sterilized by heating at 15 lb. pressure for 20 min. The oxygen content of the sterile sea water was less than that of the fresh sea water due to the difficulty encountered in resaturating the water with oxygen ,after sterilization. All the bottles were placed in the dark under water and analyses made at different intervals. The results given in Table V show that during the first 88 hr. of incubation the excess oxygen consumption in the sea water containing 2 coco diatom suspension over the oxygen consumption in the sea water alone can be accounted for by the respiration of the diatoms, since the sea water plus 2 coco diatom suspension consumed 1081Coco oxygen per litre and the sea water alone 1'53 c.c. per litre, while the consumption of oxygen in the sterilized sea water plus 2 c.c. diatom suspension was 0'35 c.c. per litre. By adding the latter two figures, a consumption of 1088cocooxygen per litre is obtained; this is very close to the 1081cocooxygen consumed in the fresh sea water to which the diatom suspension had been added. A microscopic examination of the centrifuged sediment at this point revealed that the diatoms were in all cases in good physical condition (chromatophores intact). It may therefore be concluded that living diatoms are not attacked by the bacteria. However, the bacterial counts showed that a greater development of bacteria took place in the presence of the diatoms than in their absence. This confirms the previous observations of Gran (1933) that there is a certain parallelism between the development of diatoms and bacteria in sea . water.
After 136 hr. incubation, an examination of the centrifuged sediment showed that the diatoms in the unsterilized sea water were badly disintegrated. The chromatophores were completely, gone in many cases, and the cells were difficult to see because of changes in refractive index due to death. A number of Protozoa were found to be present in the water. The bacterial numbers showed a decreasing population, with the exception of the untreated sea water in which the peak had not yet been reached. Unfortunately, at this point, the sterile sea water to which the diatom culture had been added became contaminated with bacteria.
A comparative study was now made of the relationship of bacteria to living Table VI show that the living diatoms and not the bacteria were the agents responsible for the rapid phosphate consumption. This is definitely demonstrated by the fact that the control sea water having, after I day, a higher bacterial count than the sea water with the 2 c.c. of living diatoms, showed a P04 consumption of only 28 mg. per m.3, as compared with the complete or almost complete consumption of the 298 mg. of P04 in the sea water with the living diatoms. This fact is even more sharply brought out in the water containing glucose. In spite of the presence of glucose, which so readily stimulates bacterial multiplication, the bacterial count in the sea water plus living diatoms remained relatively low, while the phosphate and oxygen were rapidly consumed. Living diatoms can therefore be considered as successful competitors of bacteria for the available nutrients, and may represent one of the factors which tend to limit bacterial multiplication in the sea. The process of initial phosphate utilization and subsequent regeneration is again clearly indicated. On the 5th day, a sharp increase was found in the number of bacteria in the water receiving living diatoms. A microscopic examination of the centrifuged material showed that the diatoms had disintegrated in large measure. The bacterial increase was therefore due to the decomposition of the dead diatoms.
RELATIONSHIP OF BACTERIA TO FRESH MARINE PLANKTON
Five samples of plankton were obtained by means of a No. 20 silk net on August 3-4 1936, one at a station in Nantucket Sound (No. I) and four at stations on George's Bank (Nos. 2-5). The plankton was washed free from sedimentary material, using fresh sea water. It was then allowed to settle and concentrated plankton thus obtained. Different amounts of the freshly collected samples of plankton were added to a series of oxygen bottles containing fresh sea water obtained from the same stations. The bottles were incubated in the dark, and analysed for oxygen, bacterial numbers and phosphate. Sample No. I contained 10,536 diatoms per I c.c., mostly Chaetoceras, Skeletonema and Rhizosolenia; sample No.2, 3, 159 diatoms, mostly Rhizosolenia; NO.3, 19, 025, NO.4, 24>450, and NO.5, 16, 925 , mostly Rhizosolenia and Nitzschia. The plankton of the last three stations consisted almost entirely of diatoms. The carbon content of the plankton was calculated from the nitrogen content using the ratio of C : N = 7 : I. The results presented in Table VII show that considerable oxygen consumption took place in all cases; the phosphate was liberated in a soluble form. These processes were not always accompanied by corresponding increases in bacterial numbers, especially in the diatom-rich plankton. With the exception of Station 3, there was a certain parallelism between the concentration of the plankton in the samples and the rate of oxygen consumption. The plankton of Station I and to some extent of Station 2 was rich in copepods, which may account for the greater abundance of bacteria in the water receiving these two samples of plankton. The most significant result of this experiment is the lack of correlation between oxygen consumption in the water receiving diatoms and bacterial multiplication. It has been shown previously (Waksman & Renn, 1936 ) that the processes resulting from diatom oxidation in sea water could be better elucidated, if growth of the diatoms was first permitted to take place in closed containers, and photosynthesis then stopped by placing the containers in the dark. Conditions are thus obtained which approach more nearly those found in nature. In order to increase the amount of synthesized diatom material above that normally present in sea water, an enriched medium was employed. This consisted of fresh sea water, to which 5 mg. KN03, 2 mg. K2HP04 and 2 mg. FeCl3 had been added per litre. The enriched water was distributed in glass-stoppered oxygen bottles, and these incubated at room temperature, under water and in the light, in glass aquaria. After different periods, a few of RELATION OF BACTERIA TO DIATOMS IN SEA WATER 369 the bottles were removed. Some were analysed at once and some were transferred to a water bath kept dark at room temperature, and allowed to remain under water for 5-12 days. In those bottles, where extensive photosynthesis took place, the water became supersaturated with oxygen, some of which being liberated in a gaseous form, was lost, thus modifying the results of some of the oxygen determinations. Gradual consumption of the oxygen took place in those bottles which were incubated in the dark (Table VIII) . In the light, oxygen was rapidly liberated, due to the photosynthetic activity of the diatom population in the enriched sea water; after 7 days, the nitrate disappeared completely; the phosphate was present in excess of the requirements of the diatoms; the oxygen increased by 4'62 C.c. per litre of water. When the bottles were now placed in the dark, there was a reduction of 1008cocoin the oxygen content per litre in 2 days, and of 2'64 c.c. in II days. When photosynthesis was allowed to proceed for 13 days, the oxygen content of the water increased by 9'39 c.c. per litre; incubation in darkness following this period resulted in a decrease of 1'02 c.c. in oxygen concentration in 5 days, and of 3065 c.c. oxygen in 12 days. The consumption of phosphate in the light was 47°(890-420) y per litre in 7 days, and 500 (760-260) y in 13 days. When oxidation of the diatoms began, the phosphorus was regenerated as phosphate, but only very slowly. The gradual disappearanc~of the phosphate in the water kept in the dark was due either to its partial consumption or to its precipitation as insoluble phosphate, as a result of addition of iron, as ferric chloride.
Considerable variation was found among the individual bottles in the previous experiments. This may account for some of the discrepancies obtained in certain determinations. In order to check this, the results of another experiment are reported here. In this, all the determinations were made at least in duplicate and sometimes in triplicate; the analyses were also carried out at more frequent intervals (Table IX) . Only one concentration of nitrate was used, namely 5 mg. KNOa per litre. The maximum amount of photosynthesis, as measured by the oxygen liberated, was attained in 7 days; nitrate assimilation continued even after the maximum was attained. At that time, oxidation of the synthesized material seemed to coincide with assimilation. When photosynthesis was stopped, by incubating the bottles in the dark, rapid oxidation of the diatoms took place, especially at the 5-7 day periods when the diatom population in the water was carrying out its most active photosynthesis. The ratio between nitrogen and phosphate assimilation, for the first three days of photosynthesis, was 0'43 or 2'9: I, and for the 5 day 0'15 period, 0'73 6 or 2'0 : 1. 0'3 When the bacterial numbers are examined, it is found that the oxidation processes taking place in the freshly synthesized diatom cultUres were not accompanied by any appreciable increase of bacteria. To be sure, there were more bacteria in the bottles in which photosynthesis took place. Nevertheless, the bacterial population, as determined by the plate method, remained comparatively limited, even with the large amounts of fresh diatom material undergoing active oxidation in the dark. Those bacteria that were found in the bottles grew very slowly on the plates and required at least 7 days' incubation for an adequate count. One must, therefore, conclude that bacteria do not play any important role in the oxidation of fresh diatom material.
A microscopic examination of the plankton, centrifuged after varying periods of photosynthesis, revealed the presence of large numbers of diatoms, including species of Nitzschia, Navicula, Rhizosolenia, and others. However, after the diatoms had undergone oxidation in the dark following photosynthesis, microscopic examination of the centrifuged or sedimented material revealed the presence oflarge numbers of Protozoa, especially certain types of amoebae, and ciliates, as well as flagellates, capable of feeding on diatoms. The bottles were also found to contain varying numbers of copepods. In the presence of such a large animal population, it seems highly probable that the effect of bacteria on the decomposition of the diatom constituents of the plankton was of minor importance. It is of interest to call attention to the suggestion of Lackey (1936) that Protozoa play an important role in the destruction of marine plant and animal residues, and also to the generally recognized role of the diatoms in the nutrition of copepods and other animal forms (Fuller & Clarke, 1936) .
DISCUSSION
The results obtained in these investigations point definitely to the fact that dead diatoms in sea water are rapidly decomposed by bacteria. In the absence of sufficient available energy, a part of the phosphate regenerated in the process of decomposition may be immediately liberated into the sea water whereas the rest, which represents the greater portion of the phosphate, is incorporated into the bacterial protoplasm as it is synthesized. Usually, however, there is an initial decrease of the dissolved phosphate due to its rapid consumption by the bacteria. The decomposition of the diatoms is accompanied by a marked increase in the bacterial population. The bacterial numbers reach a peak in a short time and then drop rapidly to low and fairly constant levels. With the death and autolysis of the bacteria, phosphate is again rapidly regenerated. Through the agency of this phosphorus cycle almost two-thirds of the phosphorus present in the dead diatoms was found in the sea water within 132 hours. In the presence of an adequate supply of available energy, all of the phosphate originally found in the sea water and also that amount which was liberated in the decomposition of the diatoms was consumed by the rapidly multiplying bacteria. But it in turn was soon regenerated into the sea water as the bacteria died and underwent autolysis.
. Living diatoms, however, were not attacked by the bacterial population of the sea water. Although a greater bacterial population was usually found in the water containing living diatoms than in the untreated sea water, this increase is of a much smaller order of magnitude than that attained by bacteria in the presence of readily decomposable organic substances, as glucose or amino acids. Whereas in the breakdown of copepod plankton, a distinct parallelism was found between oxygen consumption, bacterial multiplication and ammonia liberation, in the case of the diatom plankton, no such parallelism existed. Nitrogen was liberated at a very slow rate, and the bacteria increased only to a limited extent, as compared with their numbers in the free water; this limited increase might have been due to the feeding of the bacteria on substances excreted by the diatoms or upon some of the dying diatoms.
Neither was the oxidation of freshly synthesized diatom material accompanied by active bacterial multiplication. The consumption of oxygen under 24-2 372 S. A. WAKSMAN, J. L. STOKES AND M. R. BUTLER these conditions was due largely to the respiration of the diatoms themselves. It seems, therefore, that living diatoms, even when photosynthesis is excluded, possess considerable resistance to bacterial attack. They are gradually consumed, however, by the animal members of the plankton. This may further account for the fact that while the process of diatom breakdown is accompanied by oxygen consumption, it is not necessarily accompanied by a parallel increase in bacterial numbers.
The authors are indebted to Miss L. Lillick, for the identification of the diatoms, to Dr C. E. Renn, for assistance in the collection of the plankton, and to Dr M. Hotchkiss for assistance in the determination of bacterial numbers. SUMMARY 1. Dead marine diatom plankton was found to undergo rapid oxidation and decomposition when added to fresh sea water. This was measured by oxygen consumption, nitrogen liberation, phosphate regeneration and bacterial multiplication.
2. Living diatoms added to sea water and placed in the dark continued to absorb oxygen; they were rather resistant to bacterial attack.
3. Diatom-rich marine plankton also absorbed oxygen, while the phosphorus was gradually regenerated. The bacteria did not increase in numbers in correspondence with the oxidation of the fresh diatom material.
4. When sea water in which photosynthesis was allowed to proceed for varying periods of time was placed in the dark, rapid oxidation of the freshly synthesized material took place, as indicated by oxygen consumption and phosphate liberation. Although there was a greater number of bacteria in the water in which photosynthesis took place, the oxidation of the fresh diatom material was not accompanied by any large increase in bacteria; in fact a decrease in numbers was frequently observed.
5. When photosynthesis was stopped by placing the bottles in the dark, there was a marked increase in the numbers of Protozoa, notably various amoebae and ciliates, and also of copepods.
6. These results suggest that the animal forms may be largely responsible for the destruction of the living diatoms in the plankton. The role of bacteria in the regeneration of the nitrogen and phosphorus in the sea consists in the destruction of the dead diatoms as well as of the animal residues.
